INTRODUCTION
The Notch signaling pathway is a highly conserved signaling mechanism and has been shown to be implicated in cell±cell communication in multiple developmental programs (1±4). In vertebrates, Notch signaling controls cell fate determination in a variety of cell types that include those of the nervous system, muscle, pancreas and the hematopoietic system (5) . Four Notch family members (Notch 1±4), which are single transmembrane spanning proteins, have been identi®ed in vertebrates (5) . When the Notch ligands (Jagged-1, Jagged-2 and Delta-1 to Delta-3) are expressed by the neighboring cells and bind to Notch, it undergoes a series of proteolytic processes and the intracellular domain of the Notch receptor (NIC) is cleaved (6) . The cleaved NIC then translocates to the nucleus, where it controls the expressions of its target genes via association with RBP-Jk/CBF (7). The most established target genes for Notch signaling are Hairy/Enhancer of split (HES) genes, which are members of the genes possessing basic regions at their C-terminals and characteristic helix± loop±helix (HLH) motifs, that are referred to as basic HLH (bHLH) factors (8) . The most investigated function of HES has been as a repressor for tissue-speci®c gene transcription. HES-1 and HES-5 have been shown to bind to their target DNA sequences, and to recruit histone deacetylase (HDAC) activity by associating with Groucho, resulting in transcriptional repression (9±11). Furthermore, they associate with ubiquitously expressed bHLH factors, such as E47, and prevent tissue-speci®c bHLH factors, such as Mash1, from forming functional complexes with E protein (12, 13) . In this manner, Notch represses the differentiation of cells to speci®c lineages.
Bone morphogenetic proteins (BMPs) are a family of cytokines belonging to the transforming growth factor-b (TGF-b) superfamily (14) . BMPs are pleiotropic cytokines that are active in many tissues, including the CNS (15) , and are also involved in the fate determination of cells in various organs. The action of BMPs is mediated by heterotetrameric serine/threonine kinase receptors and the downstream transcription factors Smad1, -5 or -8. After these transcription factors are phosphorylated on serine residues, they form a complex with a common mediator, Smad4, and the complex is translocated into the nucleus to activate the transcription of speci®c genes (16±18). Inhibitory Smad proteins, Smad6 and Smad7, repress the action of BMPs by inhibiting the receptormediated phosphorylation of Smad1, -5 or -8 or by competing with Smad4 for the binding to Smad1, -5 and -8 (16±18).
Recently, it has been demonstrated that BMP2 inhibits neurogenesis of mouse neuroepithelial cells (19±22). Although BMP genes are expressed mostly in the tectum, their receptors are expressed mainly in the ventricular zone where neural cell fate is thought to be determined. BMP proteins diffuse and function practically in the ventricular zone, where Notch signaling is also activated (23) . The antineurogenic effect of BMP2 is thought to be at least partly mediated via induction of gene expression for Id1, Id3 and HES-5 in the neuroepithelial cells (19) , among which HES-5 is also known to be induced by Notch activation. In the promoter region of the HES-5 gene, a consensus binding sequence for Smads and an RBP-Jk binding site are found, and Smad7, an inhibitory Smad, inhibits BMP2-induced HES-5 gene transcription (19) .
Since the transcription of HES-5 is induced by Notch as well as BMP2, we hypothesized that there might be a signaling cross-talk between the Notch and BMP signaling pathways. In the present study, we show that Notch and BMP signalings induce transcriptional activation of the HES-5 and Hesr-1 genes in a cooperative manner. We also show that Smad1 and NIC are able to form a complex containing P/CAF and p300. These results indicate a novel signaling cross-talk between Notch and BMP.
MATERIALS AND METHODS

Reagents and plasmid constructs
BMP2 (Yamanouchi Pharmaceutical) was dissolved in phosphate-buffered saline containing 0.1% albumin and stored at ±80°C until use. H5-Luc containing a fragment of the Hes-5 promoter (nucleotides ±179 to +72) and the luciferase gene was used (19) . SMH5-Luc was constructed by introducing mutations (taaatcgcc) into a Smad-binding site (SBS) (±161 to ±153: gcccgcgcc) of H5-Luc. RMH5-Luc was constructed by mutating the RBP-J binding site (±79 to ±72: tgtggaa) of H5-Luc to tgtgctga. Hsr1-Luc containing the Hesr-1 gene promoter region (±609 to +130) and the luciferase gene was used. Flag-tagged Smad1 and a series of deletion mutants of Smad1 (MH1, MH1+Linker, Linker+MH2 and MH2) in pCDNA3, and an HA-tagged constitutively active form of ALK3 (CaALK3) in pCDNA3 were kindly provided by Dr K. Miyazono (Department of Molecular Pathology, Graduate School of Medicine, University of Tokyo). Flagtagged and six repeats of Myc (6Myc)-tagged P/CAF in pCDNA3 were kind gifts from Drs P. ten Dijke and S. Itoh (The Netherlands Cancer Institute). Myc-tagged intracellular region of Notch1 (Myc NIC) was constructed by subcloning CMV-Myc N1IC (a kind gift from Dr U. Lendahl) into pEFBOS. Antibodies to Myc (Chemicon, Temecula, CA), Flag (Sigma) and HA (Santa Cruz) were used.
Animals and cell preparation
Time-pregnant ICR mice were used to prepare the neuroepithelial cells. Mice were treated according to the guidelines of the Kumamoto University Center for Animal Resources and Development. Neuroepithelial cells were prepared from the telencephalons of E14.5 mice and cultured as described previously (24) . Brie¯y, the telencephalons were triturated in Hank's balanced salt solution by mild pipetting with a 1 ml pipette tip (Gilson, Middleton, WI). Dissociated cells were cultured for 4 days in N2-supplemented DMEM-F12 containing 10 ng/ml basic FGF (R&D Systems, Minneapolis, MN) (N2/DMDM/F12/bFGF) on culture dishes which had been precoated with poly-L-ornithine (Sigma) and ®bronectin (Life Technologies, Gaithersburg, MD). P19 cells were maintained in a-MEM media (Gibco) containing 10% fetal calf serum (FCS) and the media were replaced with a-MEM containing 1% FCS 30 min before cytokine stimulation.
Luciferase assay
Neuroepithelial cells replated on 12-well plates (Nunc) after a 4 day culture, or P19 cells cultured on 24-well plates (Nunc) overnight, were transfected with reporter vectors. Control transfection was performed with the sea pansy luciferase gene conjugated with the human elongation factor 1a promoter (R-Luc) (25) . Transfection was performed using Trans-It LT1 (Mirus) according to the manufacturer's procedures. Cells were stimulated with BMP2 (40 ng/ml) for 8 h on the following day and then solubilized. Luciferase activity was measured according to the recommended procedures for the Pikkagene Dual Luciferase Assay System (Tokyo Ink Inc., Tokyo, Japan). A Micro Lumat LB96B luminometer (Wallac Berthold) was used for the detection.
Reverse transcription±PCR (RT±PCR)
The ®rst strand cDNAs were made from 5 mg of total RNA from E14.5 neuroepithelial cells and P19 cells using Superscript II (Invitrogen), and dissolved in 100 ml of TE. Then, 1 ml of the reverse transcription reaction was used as a template for PCR ampli®cation (AmpliTaq Gold; Applied Biosystems) in a volume of 25 ml containing 2 mM genespeci®c primers. The time cycle was 35 cycles of denaturation: 94°C for 30 s; annealing: 60°C for 30 s; extension: 72°C for 30 s; after an initial incubation at 95°C for 9 min. Ten microliters of the reaction were then separated in a 1.2% agarose gel and visualized by ethidium bromide staining. The gene-speci®c primers were as follows: mouse Notch1: NIC-S, 5¢-atg tgg cag cca agc ctg ag-3¢; NIC-AS, 5¢-cac cag gtg agg ctg tgt tg-3¢; mouse Notch3: NIC3-S, 5¢-ctc acc acg gcc ttt cag tg-3¢; NIC3-AS, 5¢-gct ggg cta ggt gtt gag tc-3¢; mouse RBPJk: RBP-S, 5¢-ggt tct tgt ggt cta agg ctg-3¢; RBP-AS, 5¢-att tta ccc tac ggg cac cat c-3¢; mouse Delta1: Dl-S, 5¢-act gtg gac tat aac ctc gtt c-3; Dl-AS, 5¢-aca acc agc agg cag tcc ag-3¢; mouse Jagged1: Jag1-S, 5¢-atg att gac agc tgc act gtg-3¢; Jag1-AS, 5¢-tcc act tca tca tag cag gta c-3¢; mouse Jagged2: Jag2-S, 5¢-gga tgg ctt ccg ctg cca c-3¢; Jag2-AS, 5¢-ctg tga agc cgc tgt cac ag-3¢; mouse BMP receptor (BMPR)-I: BMPR-I-S, 5¢-cag act tgg acc aga aga agc c-3¢; BMPR-I-AS, 5¢-aca ttc tat tgt ctg cgt agc-3¢; BMPR-II: BMPR-II-S, 5¢-gct tcg cag aat caa gaa cg-3¢; BMPR-II-AS, 5¢-gtg gac tga gtg gtg ttg tg-3¢; mouse Smad1: Smd1-S, 5¢-gcg tgt aga act aga cca gcc gct-3¢; Smd1-AS, 5¢-agg aga gtt ggg gta gct gct-3¢; Smad4: Smd4-S, 5¢-gtt cag gta gga gag acg ttt a-3¢; Smd4-AS, 5¢-taa agg ctg tgg gtc cgc aat-3¢; mouse G3PDH: G3P-S, 5¢-acc aca gtc cat gcc atc ac-3¢; G3P-AS, 5¢-tcc acc acc ctg ttg ctg ta-3¢.
Immunoblotting and immunoprecipitation
Cos7 cells were replated on 60 mm dishes (Nunc) and on the next day, cells were transfected with expression vectors using LT1, and cultured overnight. On the following day, cells were lysed in NP40 buffer [0.5% NP40, 10 mM Tris±HCl pH 7.4, 150 mM NaCl, 3 mM pAPMSF (Wako Chemicals, Osaka, Japan), 5 mg/ml aprotinine (Sigma), 2 mM sodium orthovanadate (Wako Chemicals), 5 mM EDTA]. Lysates were immunoprecipitated with an antibody against Myc using Protein A Sepharose (Amersham, Arlington Heights, IL). Precipitates and, in some cases, cell lysates were subjected to SDS±PAGE and subsequent immunoblotting with antibodies against Myc. Detection was performed with an ECL system (Amersham).
RESULTS
Enhanced activation of Hes-5 and Hesr-1 transcription by BMP2 and Notch signalings
We have previously demonstrated that BMP2 stimulation of neuroepithelial cells prepared from fetal mouse telencephalons induces expression of the Hes-5 gene (19) , which has been shown to be induced by activation of Notch signaling (26) . This encouraged us to examine whether BMP2 stimulation and Notch activation show cross-regulatory effects on the transcriptional activation of the Hes-5 gene.
Hes-5 promoter activity was determined in the mouse neuroepithelial cells. As shown in Figure 1A , the Hes-5 promoter was activated when the cells were stimulated by BMP2. On activation by its ligands, the NIC is cleaved and translocated into nucleus where it induces target gene expression (6) . Thereby, introduction of NIC into cells can mimic Notch activation. NIC introduction into neuroepithelial cells exhibited upregulation of the Hes-5 promoter activity (Fig. 1A) . Interestingly, BMP2 stimulation of the NICexpressing cells showed further enhancement of the Hes-5 promoter activation.
To ascertain whether or not the transcriptional enhancement by BMP2 and Notch was con®ned to the Hes-5 promoter, the effects of simultaneous activation of the two signaling pathways on another promoter were examined. Hesr-1 has recently been identi®ed as one of the target genes of the Notch signaling pathway (27, 28) . We have also identi®ed the same gene being expressed in neuroepithelial cells stimulated by bFGF (data not shown) and found that its expression was induced by BMP2 stimulation as well. As shown in Figure 1B , enhanced transcriptional activation by BMP2 stimulation and Notch expression was also observed in the case of the Hesr-1 promoter.
These results suggested that the cooperation of BMP2 and Notch signaling may generally take place in target genes of Notch signaling. However, the cooperative effect was not observed in the Hes-1 gene promoter (data not shown), whose expression is known to be induced by Notch activation but not by BMP2 stimulation.
Requirement of Smad and RBP-Jk binding sites for the cooperative transactivation
The failure of the enhancemnt of the Hes-1 gene promoter activation by BMP2 stimulation suggested a requirement for the SBS for the cooperation of BMP2 and Notch signalings. To ascertain this, nucleotide substitutions were introduced into a consensus SBS in the Hes-5 promoter (Fig. 2A) . This mutation inhibited BMP2-induced Hes-5 gene promoter activation but not so signi®cantly repressed the NIC-induced activation ( Fig. 2A) . Furthermore, the mutation led to the disappearance of the collaborative enhancement of the Hes-5 gene promoter activation induced by NIC and BMP2 ( Fig. 2A) .
NIC can activate transcription of its target genes through interaction with RBP-Jk which has DNA binding ability (29) . To con®rm the importance of the RBP-Jk binding site for the cooperative gene activation by BMP2 and Notch, we constructed RMH5-Luc harboring nucleotide substitutions in the RBP-Jk binding site in H5-Luc (Fig. 2A) . RMH5-Luc was not activated by NIC expression and its cooperative activation by BMP2 and NIC was also not observed either (Fig. 2A) . Interestingly, the BMP2-induced activation of the Hes-5 gene promoter was, unexpectedly, virtually abolished in RMH5-Luc. This indicated that the RBP-Jk binding site is important not only for Notch signaling, but also for BMP2 signaling, to activate the Hes-5 gene promoter. It is, however, worth noting that in Figures 1 and 2A , H5-Luc could be activated by BMP2 stimulation alone. These contradicting observations made us hypothesize that Notch signaling might be activated endogenously in the neuroepithelial cells (23, 30, 31) , thereby resulting in activation of the Hes-5 promoter by BMP2 stimulation alone. As shown in Figure 2B , neuroepithelial cells did indeed express Notch1, Notch3, and their ligands, Delta1 and Jagged1. They also expressed RBP-Jk. In contrast, embryonic carcinoma P19 cells did not express detectable amounts of Notch1, Delta1, or Jagged2 compared with the neuroepithelial cells. P19 cells expressed RBP-Jk, Notch3 and Jagged1, although the expression levels of Notch3 and Jagged1 were strongly lower than those in the neuroepithelial cells. These observations suggested that in P19 cells the Notch signaling pathway may not be endogenously activated. The components necessary for BMP2 to signal, such as BMPR-I, -II, Smad1 and Smad4, were similarly expressed in the both cells (Fig. 2B) . Based on these observations, we studied the Hes-5 gene promoter activity in P19 cells. In support of our hypothesis, the Hes-5 gene promoter was not activated by BMP2 stimulation alone in the P19 cells (Fig. 2C) , which is in marked contrast to the results obtained with the neuroepithelial cells. Expression of NIC activated the Hes-5 promoter and this was enhanced by BMP2 stimulation (Fig. 2C) . RMH5-Luc did not respond to NIC expression or a combination of NIC expression and BMP2 stimulation. In addition to these observations, a promoter (pGa981-6) which possesses 12 repeats of RBP-Jk binding sites (EBNA2RE), but no SBSs, responded to NIC expression but not to BMP2 stimulation in P19 cells, resulting in failure of the cooperative activation by Notch and BMP2 (data not shown). These results suggested that RBP-Jk binding to its binding site is required for Hes-5 gene expression induced by Notch activation as well as BMP2 stimulation.
Molecular interaction between NIC, Smads, P/CAF and p300
To explain the cooperative transcriptional enhancement induced by the Notch and BMP signalings observed above, we studied the molecular interaction between NIC and Smad1, a Smad protein species activated by BMP2 stimulation. A direct interaction between NIC and Smad1 was ®rst investigated. They showed a barely detectable interaction, which is independent from the forced expression of RBP-Jk (Fig. 3A) .
Recently, two coactivators with histone acetyltransferase (HAT) activity, p300 and P/CAF (32, 33) , have been shown to interact with NIC, and they act cooperatively to mediate NICactivated transcription (34) . Smad1 has been shown to interact with one of these coactivators, p300 (35) . Smad3, which is a Smad protein species activated downstream of TGF-b, can interact with P/CAF (36) . Therefore, we speculated that Smad1 might also make a complex with P/CAF. As shown in Figure 3B , P/CAF could bind to Smad1 via its N-terminal region. The linker and MH2 regions of Smad1 were both required for the interaction with P/CAF (Fig. 3C) . We then investigated whether NIC makes a complex with Smad1 in the presence of the coactivators. As shown in Figures 3A and 4A , NIC and Smad1 made a hardly detectable complex in the absence of p300 and P/CAF. Smad1 protein was observed in the NIC immunoprecipitates in the presence of either P/CAF or p300, although it was faint (Fig. 4A) . In contrast, Smad1 was ef®ciently co-immunoprecipitated with NIC in the presence of both p300 and P/CAF. This complex formation was further enhanced by BMP stimulation. In this experiment, a constitutively active form of ALK3 (a type 2 BMPR) was used to mimic BMP stimulation. Taken together with the results shown in Figure 2 , we next examined whether the presence of Smad1 enhanced the complex formation of NIC with p300 or P/CAF. As shown in Figure 4B , P/CAF, but not p300, was capable of binding to NIC. Simultaneous expression of p300 and P/CAF made NIC bind to P/CAF slightly more ef®ciently. Consistent with the results described above, when Smad1 and CaALK3 were expressed, a signi®cantly larger amount of P/CAF was found in the NIC immunoprecipitates (Fig. 4B, right end lane) . Surprisingly, p300 protein was also intensely observed in the NIC immunoprecipitates under this condition. Since Smad1 can only interact ef®ciently with NIC in the presence of both p300 and P/CAF (Fig. 4A) , it is considered that a tetrameric complex of NIC, Smad1, p300 and P/CAF is formed upon Notch activation and BMP stimulation for the cooperative function of Notch and BMP signaling. p300 augments the cooperative enhancement of transcription induced by NIC and BMP2
The results of the ef®cient recruitment of p300 to a NIC complex in the presence of Smad1 encouraged us to study the effects of increased expression of p300 on the transactivation of the Hes-5 promoter by Smad1 and NIC. As shown in Figure 5 , introduction of a p300 expression vector into P19 cells led to dose-dependent augmentation of the promoter activity when the cells were stimulated by both NIC and BMP2. In concordance with Figure 2C , luciferase activity was very weak in the absence of NIC and the activity was not enhanced by forced expression of p300 (data not shown). This result suggests the involvement of p300 in the coordinated transactivation by NIC and BMP2.
DISCUSSION
A body of papers have demonstrated the importance of Notch signaling in the development of multicellular organisms. In mammals, several genes have been shown to be targets of Notch signaling (37) . Among these genes, Hes-1 and Hes-5 have been well characterized (9, 26) . Recently, Hesr-1 has also been isolated as a target of Notch signaling (27) . The current study shows that among these genes, the expression of Hes-5 and Hesr-1, but not Hes-1, could also be induced by BMP2 stimulation, a soluble signaling molecule distinct from Notch. Furthermore, we have demonstrated that BMP2 stimulation cooperates with Notch activation to enhance the expression of the Hes-5 and Hesr-1 genes, and proposed a molecular mechanism explaining the cooperation between these signalings, in which the transcriptional coactivators p300 and P/CAF are ef®ciently recruited to the transcriptional complex formed by NIC and RBP-Jk.
Notch signaling has been shown to be activated in the ventricular zone of the mouse telencephalon, as its target genes are expressed in this area (38, 39) . Among the target genes of Notch, Hes-1 gene expression was less evident in the mouse telencephalon than Hes-5 and Hesr-1 (data not shown). We have previously shown that Hes-1 transcripts are not induced in telencephalic neuroepithelial cells by BMP2 (19) . In this study, we found that the Hes-1 gene promoter did not respond to BMP2 stimulation. Receptors for BMP2 are intensely expressed in the ventricular zone (40) and BMP2 proteins per se exist there (41) . It is thus thought that endogenous BMP signaling is also activated in the ventricular zone. The more intense expression of Hes-5 and Hesr-1 than Hes-1 is likely to partly re¯ect the cooperative effect of Notch and BMP2 signalings on the expression of Hes-5 and Hesr-1 but not Hes-1.
In the neural cells, BMP signaling appears to act as an ampli®er of transcription. We demonstrated that BMP2 and leukemia inhibitory factor (LIF) could synergistically induce astrocyte differentiation from neuroepithelial cells prepared from the E14.5 mouse telencephalon (24) . Smad1 and a Nucleic Acids Research, 2003, Vol. 31, No. 19 5727 transcription factor activated by LIF stimulation, i.e. STAT3, form a complex bridged by p300 and cooperate in synergy to induce the expression of the gene for glial ®brillary acidic protein (GFAP), an astrocyte-speci®c marker (24) . Interestingly, mice de®cient in gp130, a receptor component prerequisite for LIF signaling, display a decreased number of GFAP-expressing astrocytes (35) . Furthermore, the gp130-de®cient neuroepithelial cells did not respond to BMP2 stimulation to express GFAP (42) . Another study demonstrated that BMP stimulation enhances the transcriptional activity of neurogenin1 (Ngn1), a neuronal differentiationassociated gene, resulting in the acceleration of neuronal differentiation but not astrocytes (43) . In Ngn1-expressing cells, following BMP stimulation, a complex of Smad1 and p300 is preferentially recruited to Ngn1 but not to STAT3 (43) . In addition, the fact that BMP stimulation does not induce neuronal differentiation in cells which do not express Ngn1, suggests that Ngn1 is a prerequisite for Smad- augmented neuronal differentiation (43) . In the current study, we further demonstrated that BMP2 requires both an RBP-Jk binding motif and active NIC to induce Hes-5 transcription. The situation seems to be comparable with the abovementioned report that BMP requires transcriptional activity of its partners to enhance transcription of target genes.
In the two studies mentioned above, SBSs were not pinpointed in the promoter regions of the target genes (24, 43) . The present data show that introduction of point mutations into a consensus SBS in the Hes-5 promoter led to a decrease in the promoter activity, and the Hes-1 gene promoter or the promoter construct with the RBP-Jk binding motif but no Smad binding consensus sequences did not respond to BMP2 stimulation. Taken together, these results suggest that, in the case of cooperation with Notch signaling, BMP required speci®c binding sites for Smads in the promoter region of target genes.
NIC has been shown to form a complex with p300 through a three amino acid motif, resulting in the transactivation of its target genes (44) . Another study demonstrated that P/CAF interacts predominantly with the NIC ankyrin repeat region to activate transcription (45) . Recently, a study using an in vitro transcription system revealed that p300 and P/CAF can physically interact with NIC at the same time in the presence of Mastermind-like 1 (MAML1), and act to mediate transcriptional activation in a cooperative manner (34) . In this complex, it was suggested that p300 plays a much more critical role as a HAT than P/CAF (34) . In the current study, we did not study whether or not p300, P/CAF, or a combination of p300 and P/CAF was required for NICmediated transcription, but our results obviously suggest that Smad1 activated by BMP2 stimulation is likely to play a role in the ef®cient recruitment of p300 to a NIC-containing transcription complex, and that P/CAF is required for this complex formation. In this study, we showed that forced expression of p300 in cells leads to increased transactivation induced by a combination of NIC and BMP2, which suggests that the amount of endogenously present p300 in the nucleus may not be suf®cient. Functional interaction between p300 and P/CAF has been demonstrated for FKLF2-induced transactivation (46) . Hepatocyte nuclear factor-1 (HNF-1) requires synergism between CREB-binding protein (CBP; a molecule highly homologous to p300) and P/CAF to exert its transcriptional activity (47) . Interaction of CBP with the N-terminal domain of HNF-1 increased the binding af®nity of P/CAF with the C-terminal activation domain of HNF-1 (47) . These previous observations indicate that a complex containing multiple coactivators is required for a variety of transcription factors for transactivation. Our current study suggests that this is the case with cooperative transactivation by two distinct transcription factors.
In conclusion, the data presented support the concept of functional cooperation between Notch signaling and BMP signaling. NIC and Smad1 form a complex with p300 and P/CAF in the speci®c promoter region, which possesses both an RBP-Jk binding site and a SBS. In the complex, Smad1 enhances the recruitment of p300, which causes cooperative transactivation by Notch and BMP2 stimulation.
